The existence of semiconductors exhibiting long-range ferromagnetic ordering at room temperature still is controversial. One particularly important issue is the presence of secondary magnetic phases such as clusters, segregations, etc... These are often tedious to detect, leading to contradictory interpretations. We show that in our cobalt doped ZnO films grown homoepitaxially on single crystalline ZnO substrates the magnetism unambiguously stems from metallic cobalt nano-inclusions. The magnetic behavior was investigated by SQUID magnetometry, x-ray magnetic circular dichroism, and AC susceptibility measurements. The results were correlated to a detailed microstructural analysis based on high resolution x-ray diffraction, transmission electron microscopy, and electron-spectroscopic imaging. No evidence for carrier mediated ferromagnetic exchange between diluted cobalt moments was found. In contrast, the combined data provide clear evidence that the observed room temperature ferromagnetic-like behavior originates from nanometer sized superparamagnetic metallic cobalt precipitates. 
Abstract
The existence of semiconductors exhibiting long-range ferromagnetic ordering at room temperature still is controversial. One particularly important issue is the presence of secondary magnetic phases such as clusters, segregations, etc... These are often tedious to detect, leading to contradictory interpretations. We show that in our cobalt doped ZnO films grown homoepitaxially on single crystalline ZnO substrates the magnetism unambiguously stems from metallic cobalt nano-inclusions. The magnetic behavior was investigated by SQUID magnetometry, x-ray magnetic circular dichroism, and AC susceptibility measurements. The results were correlated to a detailed microstructural analysis based on high resolution x-ray diffraction, transmission electron microscopy, and electron-spectroscopic imaging. No evidence for carrier mediated ferromagnetic exchange between diluted cobalt moments was found. In contrast, the combined data provide clear evidence that the observed room temperature ferromagnetic-like behavior originates from nanometer sized superparamagnetic metallic cobalt precipitates. Although these materials have been studied extensively during the last years their magnetic properties are still under debate. For ZnO:TM, hole-mediated ferromagnetism was originally suggested 3 whereas in the majority of experimental studies RT ferromagnetism has been found in n-type material 6, 7, 8, 9, 10, 11, 12, 13 . In turn, recent theoretical models explain ferromagnetic coupling in terms of bound magnetic polarons 14, 15 or a ligand-to-metal charge on cobalt-doped ZnO. For magnetic characterization, we used SQUID magnetometry as well as x-ray magnetic circular dichroism (XMCD) and AC susceptibility measurements. The advantage of XMCD is the independent and element-specific determination of spin and orbital magnetic moments on an atomic level. In contrast to previous studies, we performed XMCD in both the total electron and fluorescence yield modes allowing to distinguish between surface and bulk magnetic properties. Our data provide clear evidence that the observed room temperature magnetism is not related to a bulk homogeneous DMS, but can rather be explained by the presence of superparamagnetic metallic cobalt precipitates. This is further confirmed by careful x-ray diffraction and high-resolution transmission electron microscopy, making the nanosized cobalt inclusions visible.
II. SAMPLE FABRICATION
The epitaxial Zn 0.95 Co 0.05 O thin films studied here were grown by pulsed laser deposition from a stoichiometric polycrystalline target using a KrF excimer laser (248 nm) at a repetition rate of 2 Hz with an energy density at the target of 2 J/cm 2 . The thin films were deposited on single crystalline, c-axis oriented ZnO(0001) substrates at temperatures T G between 300
• C and 600
• C in pure argon atmosphere at a pressure of 4 × 10 −3 mbar. During deposition, the film growth was monitored by in-situ RHEED 33 . The structural analysis of the samples was performed in a Bruker-AXS four circle diffractometer (D8 Discover) using Cu K α1 x-ray radiation. High-resolution x-ray diffraction (ω-2θ) scans in out-of-plane direction and reciprocal space mappings of the (1011) reflection reveal an excellent crystalline quality of the films. The c-axis lattice parameters were found to range between 5.22 and 5.32Å. The mosaic spread indicated by the full width at half maximum of the rocking curves of the (0002) reflection was as low as 0.02
• . More details are given elsewhere 11 . As the samples were grown in the absence of oxygen they are highly conductive. Their room temperature resistivity is in the order of 1 Ωcm. Although similar data have been found for all films grown at different temperatures, in the following we will focus on Zn 0.95 Co 0.05 O thin films grown at T G = 400
• C and 500
• C with a thickness of 350 nm, for clarity.
III. MAGNETIC CHARACTERIZATION
Magnetization and AC susceptibility were measured in a Quantum Design superconducting quantum interference device (SQUID) magnetometer (MPMS XL-7) with a magnetic field of up to 7 T applied in plane. The magnetization M as a function of the magnetic field H shows an "S"-shaped behavior at room temperature, as shown in Fig.1(a) or low-spin state (S = 1/2) due to their large slopes at zero field. However, within experimental error our data do not show any remanent RT magnetization at zero field (see inset in Fig.1(a) ). This observation is consistent with literature 6, 30 . This lack of any observable magnetic hysteresis makes an interpretation in terms of a dilute ferromagnetic semiconductor questionable.
As shown in Fig.1(a) , it is easily possible to fit the data by a Langevin function
with the magnetic induction B, the Boltzmann constant k B , the measuring temperature T = 300 K, and the moment µ of (super-)paramagnetic particles within the thin film. Fitting the data (solid lines in Fig.1(a) ) gives µ = 2370 µ B and 5910 µ B for the films grown at 400 • C and 500
• C, respectively. The good fits suggest that the measured magnetization curves can be consistently explained by the presence of superparamagnetic particles in the ZnO matrix with average magnetic moments of 2370 µ B and 5910 µ B , as already suggested earlier 27 . This calls into question the widely accepted interpretation of the RT magnetization data of cobaltdoped ZnO thin film samples. In the vast majority of publications, magnetization curves similar to those shown in Fig.1(a) have been regarded as proof for the existence of carrier mediated RT ferromagnetic coupling between dilute Co 2+ moments in the ZnO matrix.
However, the perfect fit of the data by a Langevin function and the very small or even absent remanent magnetization shows that an alternative interpretation of the magnetization curves in terms of nanometer sized superparamagnetic particles with average moments of a few 1000 µ B may be more adequate. We note that even a finite remanence would be consistent with this interpretation since clusters with larger diameter may be blocked already at RT.
With the saturation magnetization of 1.7 µ B /Co for metallic Co at room temperature 34 and assuming a hexagonal crystallographic structure, the diameter of metallic Co clusters in our samples is determined to about 3 nm (T G = 400
• C) and 4 nm (500 • C) to yield the moments given above.
To further clarify the nature of magnetism in our cobalt-doped ZnO films we have per- obtain values of 0.06 and 0.10, respectively. According to Dormann et al. 36, 37 , these values point to the presence of magnetic particles in between the non-interacting and the weakly interacting regime. Additionally, the frequency dependence of T B for our thin films can be well described using the Néel-Arrhenius law
valid for superparamagnetic particles 36, 37 , with an activation energy E a and a characteristic frequency f 0 . Fitting the data (see insets of and I − (rcp). In the following, we will focus on thin films grown at 400
• C. The data were evaluated in the following four steps: First, the XANES intensity at energies below the Co L 3 edge (772 eV) was set to zero by subtracting a constant background. Second, at 810 eV,
i.e. above the L 2 edge, the XANES intensity was normalized to unity. This is motivated by the assumption of no Co induced absorption below the L 3 edge and a constant non-resonant absorption above the L 2 edge. In this way, the spectra were corrected for time-dependent drifts in the measurement setup. Averaging all corrected spectra results in the quantity any observable sign change in the XMCD signal at the L 2 edge (Fig.3(d) ). We also note that some of the step functions used for background subtraction go above the experimental XANES data (see Figs Comparing the XMCD spectra for FY and TEY shows significant differences. Figs.3(e) and (f) display the region around the Co L 3 edge on an enlarged scale at room (e) and at low temperature (f), respectively. The TEY spectra exhibit a pronounced fine structure: five peaks are visible at photon energies of 779.0, 779. and L 2 edges the fluorescence decay may differ up to 400% due to self-absorption effects 46 .
Therefore, the FY-XANES spectra were corrected prior to the application of the sum rules by scaling the L 3 signal. The scaling factor is determined at fields below 1 T and is given by the area ratio of
. The results are shown in Fig.4(a) for the FY mode at room temperature. The "S"-shaped field dependence of the derived effective spin magnetic moment m In the following, we will further discuss the effective spin magnetic moment. In Fig.4(b ions in the high-spin state (S = 3/2). We would like to point out that in general the quantitative analysis of the TEY signal is difficult and involves considerable errors due to the small signal level. However, as shown in the inset of Fig.4(b) , m The chemical composition of those regions was evaluated using energy-filtering TEM (EFTEM). Using the three-window method 48 at the Co-L ionisation edge, the Co distribution map of the same region as shown in Fig.6 (a) is generated ( Fig.6(b) ). A significant cobalt enrichment is observed exactly in the regions of the Moiré contrasts whereas the Co signal in the ZnO matrix is below noise level (Fig.6(b) ). Also the shape and the size of Total Electron Yield 
